There are few cases where tyrosine has been shown to be involved in catalysis or the control of catalysis despite its ability to carry out chemistry at much higher potentials (1 V versus NHE). Here, it is shown that a tyrosine that blocks the hydrophobic substrate-entry channel in copper-haem nitrite reductases can be activated like a switch by the treatment of crystals of Ralstonia pickettii nitrite reductase (RpNiR) with nitric oxide (NO) (À0.8 AE 0.2 V). Treatment with NO results in an opening of the channel originating from the rotation of Tyr323 away from Asp CAT 97. Remarkably, the structure of a catalytic copper-deficient enzyme also shows Tyr323 in the closed position despite the absence of type 2 copper (T2Cu), clearly demonstrating that the status of Tyr323 is not controlled by T2Cu or its redox chemistry. It is also shown that the activation by NO is not through binding to haem. It is proposed that activation of the Tyr323 switch is controlled by NO through proton abstraction from tyrosine and the formation of HNO. The insight gained here for the use of tyrosine as a switch in catalysis has wider implications for catalysis in biology.
Introduction
In biology, redox reactions and catalysis are often performed by redox metals and their cofactors, which typically possess potentials of less than 400 mV. The transition metals iron, copper and manganese are the most utilized redox centres in biology, either on their own or as a component of cofactors such as iron-sulfur clusters, copper-sulfur clusters or haem (Liu et al., 2014) . In some cases redox centres are coupled to orchestrate the delivery of protons and electrons to the catalytic centre for substrate reduction. An example of such an inter-linked mechanism in which the delivery of electrons, substrate and protons are well controlled and regulated through coupled potentials is the well studied copper nitrite reductases (CuNiRs) that catalyse the reaction NO 2 À + e À + 2H + $ NO + H 2 O, a step in the microbial ATP-generating denitrification pathway (Maia & Moura, 2014) . The extensive Significance Structural characterization of the copper-haem nitrite reductase (haem CuNiR) from Ralstonia pickettii (RpNiR) revealed a tyrosine residue blocking the substrate-entry channel and binding site. The treatment of crystals with NO triggers a movement of tyrosine that allows À -bound species to be captured to provide the first information on ligand-bound species in this class of nitrite reductases. The use of tyrosine as a switch in activating the redox enzyme RpNiR may have wider significance as this tyrosine is found to be totally conserved in all known haem CuNiRs. application of nitrogeneous fertilizers has resulted in agriculture being the largest source of atmospheric N 2 O. Denitrifying microorganisms that utilize nitrate as a terminal respiratory electron acceptor produce this potent ozonedepleting and greenhouse gas. Copper-containing nitrite reductase (CuNiR) is a key enzyme in this process since it forms NO, a precursor for N 2 O formation, as the product of the one-electron reduction of nitrite. Electron transfer from a partner cupredoxin or cytochrome redox protein to CuNiR provides the electrons for this reduction.
Structural studies of many CuNiRs have shown that a duplicated cupredoxin-domain monomer unit forms the core of the trimeric enzymes (designated here as two-domain CuNiRs). They contain two types of metal centre: a type 1 Cu (T1Cu) site that accepts electrons from a physiological donor and a catalytic type 2 Cu (T2Cu) centre with His 3 -H 2 O ligation. The two centres are separated by a $12.6 Å Cys-His bridge which functions in proton-gated electron transfer (Godden et al., 1991; Boulanger & Murphy, 2002; Ellis et al., 2003; Tocheva et al., 2004; Antonyuk et al., 2005; Lawton et al., 2013) . The active-site pocket has an aspartic acid and a histidine residue that are conserved in all CuNiRs and that mutational studies have shown to be essential for effective catalysis (Kataoka et al., 2000; Boulanger et al., 2000; Prudê ncio et al., 2001; Ellis et al., 2002) . These residues, designated Asp CAT and His CAT , are linked to the catalytic centre via a water bridge. The binding of nitrite at the T2Cu centre displaces the H 2 O ligand, induces subtle changes to these residues and significantly increases the reduction potential so as to promote electron transfer from the T1Cu centre, gated by protonation of Asp CAT (Hough, Antonyuk et al., 2008; Brenner et al., 2009; Ghosh et al., 2009; Leferink et al., 2011) . This orchestrated sequence of events minimizes the potential for the formation of a deactivated species with a prematurely reduced T2Cu site from which the solventderived water ligand dissociates before nitrite can bind.
Two putative proton-pathway channels at the monomer interface that lead to the T2Cu catalytic site have been identified in two-domain CuNiRs and one has been established to be the substrate-access channel from bulk solvent (Ellis et al., 2003; Antonyuk et al., 2005) . This channel, which is approximately 6 Å wide, is hydrophobic and is formed by residues from two adjacent monomers. The architecture of this channel has been shown to be important in controlling the coordination geometry of bound nitrite as 2 -O,O or end-on 1 -O (Antonyuk et al., 2005; Fukuda et al., 2014; Boulanger & Murphy, 2003) and in determining the rate-limiting step in turnover (Leferink et al., 2014) .
Two new subclasses of CuNiRs have been identified that retain the core structure of the two-domain enzymes but have an extra cupredoxin or cytochrome c-containing domain fused at the amino-or carboxy-terminus, respectively. Although they have only recently been recognized, genome analysis shows that both of these classes are widely distributed among Gram-negative -and -proteobacteria isolated from a range of different habitats (Bertini et al., 2006; Ellis et al., 2007; Antonyuk et al., 2015) . The first structurally characterized three-domain haem CuNiR, that from Ralstonia pickettii (RpNiR; Han et al., 2012; Antonyuk et al., 2013) , is trimeric, with the haem c domain of one monomer in close proximity to the T1Cu site of another monomer that is well placed for effective electron transfer, with a haem-T1Cu separation of 10.6 Å . RpNiR, with its additional tethered cytochromecontaining domain, provides a naturally fused electrontransfer complex, providing an opportunity to compare the roles of specific amino-acid residues in inter-domain electron transfer with transient protein complexes. Comparison of the structure with the binary complex AxNiR-cytochrome c 551 and mutagenesis studies have provided direct evidence for the importance of a hydrogen-bonded water at the haemcupredoxin domain interface in haem-T1Cu electron transfer, in contrast to the C-C interactions of the binary complex (Antonyuk et al., 2013; Nojiri et al., 2009) .
The structure of the related three-domain haem-CuNiR from Pseudoalteromonas haloplanktis (PhNiR) showed differences in the overall organization of the subunits (Tsuda et al., 2013) . In PhNiR the linker wraps around the neighbouring monomer to reach the distant third monomer to create the cytochrome-catalytic domain interface with an extensive water network as in RpNiR.
Surprisingly, given the retention of the catalytic core architecture of the two-domain NiRs, in both RpNiR and PhNiR, the hydrophobic substrate-access channel is blocked by Tyr323 (Antonyuk et al., 2013; Tyr313 in PhNiR; Tsuda et al., 2013) , a residue that forms part of the linker between the cytochrome c and cupredoxin domains. It had remained a puzzle how the substrate reaches the catalytic site and it has been speculated that the nonfunctional proton channel of the two-domain NiRs might also be used for substrate delivery (Antonyuk et al., 2005). 2. Methods 2.1. Cloning, expression, purification, crystallization and structure determination Site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Agilent). The primers were RpNiR D97N, sense 5 0 -GCCGCACAACATCACCTG CACGGCGT-3 0 and antisense 5 0 -ACGCCGTGCAGGTTAT GTTGTGCGGC-3 0 . The mutations were confirmed by sequencing before transformation. RpNiR and the RpNiR D97N mutant were expressed in Escherichia coli BL21(DE3) cells and purified and assayed as described previously (Han et al., 2012) . For T2D RpNiR the copper-incorporation stage of purification was omitted, resulting in the absence of copper from the T2Cu site. Crystals appeared in 2-3 weeks at 4 C. RpNiR-NO complexes were obtained by treating crystals with NO. An RpNiR D97N-NO crystal was incubated in 100 mM sodium nitrite in reservoir solution to obtain the RpNiR D97N-NO 2 À complex. The crystals were cryoprotected in the reservoir solution with 10% glycerol and flash-cooled in liquid nitrogen. Diffraction data were collected from single crystals at 100 K on the I04, I04-1 and I02 PX beamlines at Diamond research papers Light Source. X-ray data were processed with XDS (Kabsch, 2010) for the T2D RpNiR and wild-type (wt) RpNiR structures and MOSFLM (Battye et al., 2011) for all other structures and were merged by AIMLESS (Evans & Murshudov, 2013) in the CCP4 program suite . The RpNiR D97N-NO structure was solved by molecular replacement using PDB entry 3ziy (Antonyuk et al., 2013) as the search model, refined using REFMAC5 (Murshudov et al., 2011) and rebuilt in Coot (Emsley et al., 2010) . The RpNiR D97N-NO and wt RpNiR-NO structures were isomorphous to the RpNiR structure which was used as the starting model for the refinement of both structures. Water molecules and ligands were added manually in Coot. H atoms were added at riding positions at the end of refinement. The quality of the model was assessed using MolProbity (Chen et al., 2010) . Data-collection and refinement statistics are summarized in Table 1 . Channels, tunnels and pores were visualized using MOLE (Sehnal et al., 2013) . Structural figures were prepared using PyMOL (v.1.8; Schrö dinger).
Activity assay
The nitrite reductase activities of RpNiR and the RpNiR D97N mutant were measured using an NO electrode with ascorbate-reduced phenazine methosulfate as the electron donors in a glovebox under a nitrogen atmosphere, as described previously (Han et al., 2012) .
Results
Mutagenesis and structural studies combined with computational analysis of several two-domain CuNiRs have established a role for the invariant Asp CAT residue in the catalytic pocket in proton donation to bound nitrite and in promoting electron transfer from T1Cu to the T2Cu site (Brenner et al., 2009; Ghosh et al., 2009; Leferink et al., 2011) . Comparative analysis of the peptide sequences of cytochrome-fused and cupredoxin-fused three-domain NiRs showed that the corresponding aspartic acid residue was conserved ( Supplementary  Fig. S1 ), suggesting a similar role for Asp97 of RpNiR in catalysis. We constructed and purified the RpNiR D97N variant enzyme. The normal incorporation of iron and copper and the proper reconstitution of the catalytic T2Cu site were evident from an anomalous diffraction map of the enzyme crystals ( Fig. 1e) and spectroscopic analysis. The electron paramagnetic resonance (EPR) spectrum of the D97N mutant was found to be identical to that of wt RpNiR, showing that both the T1Cu and T2Cu centres were oxidized. As for wt RpNiR, the EPR spectrum remained invariant with nitrite, indicating a lack of binding to the catalytic site or its immediate surroundings. The RpNiR D97N variant enzyme was found to be inactive, as expected owing to impaired proton delivery to the active site.
Despite the fact that the structures of two different haem CuNiRs were published five years ago (Antonyuk et al., 2013; Tsuda et al., 2013) , no nitrite-bound structures have been reported. Our own efforts to obtain nitrite-bound structures with both wt RpNiR and the D97N mutant failed. In the course of experiments to test whether the nonfunctional proton channel of the two-domain NiRs might also be used for substrate delivery, we made the unexpected observation that the pre-exposure of crystals of wt RpNiR to NO, which has a potential of À0.8 V, allowed structure determination of the NO-bound enzyme. NO treatment results in the activation of Tyr323 such that the hydrogen bond to Asp CAT 97 is broken, freeing Tyr323 to move away from the substrate-binding pocket and resulting in opening of the substrateaccess channel. Similar treatment of the active-site Asp CAT D97N mutant enzyme in which proton donation to the bound substrate is impaired additionally allowed the first structural determination of a nitrite-bound species of a haem CuNiR.
Structures of wt RpNiR-NO and RpNiR D97N-NO
The structure of as-isolated RpNiR D97N was very similar to that of the wild-type enzyme, including the locked-down position of Tyr323. Exposure of the crystals to NO enabled the structures of NO-bound RpNiR D97N and wt RpNiR to be determined at around 1.8 Å resolution (Figs. 1a and 1b) . Refinement confirmed that NO was bound to T2Cu in an asymmetric side-on manner with distances of the N NO and O NO atoms to copper of $2.0 and $2.6 Å in wt RpNiR and $2.0 and 2.8 Å in the mutant structure, respectively. The proximity of NO to the side chain of Asp97/Asn97 (Figs. 1a  and 1b) (Figs. 2a and 2b ). This is accompanied by a large movement of the linker loop, Ser315-Ser321, that connects the haem and cupredoxin domains, resulting in the opening of the blocked channel from bulk solvent to the T2Cu site. As these structures are from a crystal that grew in space group I2 1 3, differing from our previously reported structures of wt RpNiR (H3 and P2 1 3) and mutants (H3), the structure of as-isolated wtRpNiR was also determined in space group I2 1 3 at 2.3 Å resolution (Fig. 1c) . A comparison of this and all other structures of untreated crystals, including that from another haem CuNiR, PhNiR, shows the invariance of the tyrosine position irrespective of the space group or enzyme. In all cases research papers IUCrJ (2018). 5, 510-518 Dong et al. Tyrosine switch in haem-copper nitrite reductases 513 Figure 1 Details of the T2Cu sites of RpNiR and its D97N mutant. (a) RpNiR D97N-NO, (b) wt RpNiR-NO and (c) wt RpNiR without NO treatment in the same space group I2 1 3. In both NO-bound structures Tyr323 is rotated away from the T2Cu site compared with the wild-type structure, where it hydrogenbonds to an aspartic acid residue. W3 is not visible in the wild type here owing to limited resolution, but is well defined in high-resolution structures. (d) RpNiR-NO 2 À shows nitrite bound to T2Cu in an outward-facing manner. In (a) to (d) 2F o À F c electron-density maps are shown at 1.0 (blue mesh) and the F o À F c OMIT maps of NO 2 À and NO are at 7 (red mesh). His240 has been omitted for clarity. (e) An F o À F c OMIT anomalous map is shown at the 15 level around copper (1.33 Å X-ray wavelength; red mesh) and at the 20 level around iron (1.7 Å X-ray wavelength; orange mesh). Hydrogen bonds and copper-coordination bonds are shown as dashed black and red lines, respectively. The two adjacent monomers that form the catalytic centre are coloured magenta and cyan, respectively. the tyrosine is in the locked-down position protecting/blocking access to the catalytic copper.
The structure of a substrate-bound haem CuNiR and opening of the substrate-access channel
We obtained the first substrate-complex structure of RpNiR at 1.89 Å resolution when crystals of RpNiR D97N were pretreated with the product NO before soaking with nitrite. Diffusion of nitrite into NO-primed crystals showed it to bind to T2Cu in a bidentate 2 -N,O outward-facing manner, with distances from the N and two O atoms of nitrite to T2Cu of 1.8, 1.9 and 3 Å , respectively (Fig. 1d) . The N-coordination of Cu-NO 2 À that we observe here is the mode favoured by computational chemistry (Solomon et al., 2014) and has not been seen before in numerous structures of two-domain CuNiRs, in which it is bound through both O atoms.
The substrate-access channel of the two-domain NiRs becomes apparent in the ligand-bound species of wt RpNiR and RpNiR D97N (Fig. 2) . The generation of this channel is a consequence of the new position of Tyr323, which for simplicity is called the 'activated tyrosine' position to distinguish it from the proximal 'locked' conformation as observed in asisolated wt RpNiR (Antonyuk et al., 2013) . The substrate channel is narrower compared with two-domain CuNiRs such as AxNiR (Kataoka et al., 2000; AcNiR (Antonyuk et al., 2005) . The substrate-binding pocket is well opened in the activated tyrosine position (Fig. 3) . The channel itself is restricted by a hydrophobic filter formed by residues Tyr323, Leu324, Ile242 and Val285 that would play a significant role in controlling the passage of small molecules, including substrate. It is possible that this channel is also used by NO for both the activation of tyrosine and product release.
A movement of the linker loop (Ser315-Ser321) that accompanies the rotation of Tyr323 avoids a potential clash with the side chain of Leu319 (Fig. 2a) . Structural reanalysis of the three-domain haem CuNiR PhNiR (PDB entry 2zoo; Tsuda et al., 2013) found that the corresponding loop (Thr305-Asn311) was between the locked and activated conformations, and Tyr313 (corresponding to RpNiR Tyr323) is poised to flip open without any steric hindrance (Supplementary Fig. S2 ). Primary-sequence analysis of different haem CuNiRs from various organisms showed that the corresponding tyrosine is highly conserved (Supplementary Fig. S1 ). Therefore, the channel identified here (Fig. 3) is likely to be present in all three-domain haem CuNiRs requiring the activation of tyrosine, and is used for substrate entry in a similar manner to RpNiR and the two-domain CuNiRs.
Structure of reduced wt RpNiR
Wt RpNiR treated with the strong reductant dithionite showed a colour change from brown to red accompanied by a shift of the Soret band from 408 to 416 nm, indicating reduction of the haem (Han et al., 2012) . This form of reduced crystal only diffracted to a limited resolution of $4 Å and the loop (315-325) containing Tyr323 was completely disordered, exposing the T2Cu site. Milder reduction of wt RpNiR crystals by hydroxylamine or ascorbate also resulted in a change of colour, but no structural changes were observed compared with the oxidized structure except for the partial loss of the second water that is linked to Tyr323. In these cases, tyrosine remains in a locked-down position. The addition of NO to solutions of wt RpNiR and the D97N mutant showed no change in the optical spectrum of the haem. Thus, the activation of Tyr323 by NO does not involve reduction or binding of NO to haem. These observations are also consistent with the observation that mild reduction of the enzyme/haem does not activate tyrosine or cause opening of the substrate-access channel.
Structure of T2D RpNiR
To determine whether the locked-down conformation of Tyr323 is stabilized by the hydrogen-bonding network of the active-site cavity or by the oxidation state of the T2Cu, we determined the structure of the T2Cu-deficient enzyme at 2.2 Å resolution (Fig. 4a) . In this structure, the side chain of Tyr323 has the same conformation as in the as-isolated wt RpNiR structure. However, the water that usually binds to the phenylate of Tyr323 is absent, but the hydrogen bond (2.6 Å ) to the carboxylate of Asp97 is retained. The protein has only one channel connecting the empty T2Cu site to the surface of RpNiR on the dimer interface, similar to that in as-isolated RpNiR. The close similarity of T2D RpNiR to untreated wt RpNiR is clearly evident from a comparison with the atomic resolution structure of the wild-type enzyme that was obtained in the same space group (Fig. 4b) .
Conclusion
Our finding that pre-treatment of crystals of RpNiR D97N with NO was required to open the substrate-access channel has enabled structural studies of ligand-bound species in this previously intractable system. We have identified NOmediated activation of Tyr323, a residue that is invariant in all haem CuNiRs, as a prerequisite to promote this structural change to prime the T2Cu site for ligand binding at the catalytic centre. Both NO-and NO 2 À -bound structures of RpNiR D97N revealed rotation of Tyr323 with an accompanying water molecule, and the Ser315-Ser321 loop adopting an open conformation. These movements, which must take place prior to binding of these ligands at T2Cu, would result in a catalytic site that is indistinguishable from the oxidized twodomain NiRs to which nitrite binds with high affinity (Supplementary Fig. S3 ). The precise mechanism by which nitric oxide, which has a potential of À0.8 V (Bartberger et al.,
2002), activates Tyr323 remains an open
question, but what is clear is that it is a design feature of these enzymes that determines substrate entry and the availability of the catalytic site allowing substrate binding. However, our data clearly provide evidence that activation does not involve haem or catalytic copper. We propose that NO disrupts the hydrogen-bonding network around the catalytic site by capturing a proton from Tyr323 in a proton-coupled nucleophilic addition reaction to form HNO and a tyrosine radical, as observed in chemical model systems (Suarez et al., 2015) . This results in the loss of the water bridging Tyr323 with copper, allowing Tyr323 to rotate away from the substrate-binding pocket (Fig. 5) together with the bridging water, producing a typical catalytic type 2 Cu 2+ for ligand binding. In all of the ligand-bound structures water remains associated with Tyr323. The observation that the NO 2 À -bound structure could be obtained by soaking RpNiR D97N-NO crystals with sodium nitrite suggests a mechanism for substrate binding in which nitrite displaces nitric oxide (step IV to step III in Fig. 5) . A corollary of this would be that once the enzyme is activated, Tyr323 remains in the activated conformation for subsequent turnover just like a switch in the open position.
The Tyr323 residue is linked to the haem centre in the cytochrome domain via three intervening residues, with the Cys364 residue tethering the haem to the domain. In the as-isolated structures two electron-transfer routes appear to be feasible: a through-bond electrontransfer route that leads to Tyr323 via Gly362 and a water-mediated electron transfer to T1Cu via His143 (Fig. 6 ). In the ligand-bound structures the through-bond contacts to Tyr323 are disrupted, leaving the water-mediated electron-transfer route to T1Cu intact, providing evidence for the function of cytochrome in delivering electrons to the T1Cu site. We propose that T1Cu and T2Cu are coupled in a manner similar to that established for two-domain NiRs, in which a gated mechanism delivers electron transfer to the catalytic copper when substrate nitrite binds (Brenner et al., 2009; Ghosh et al., 2009; Solomon et al., 2014; Hough, Antonyuk et al., 2008) . The role of the throughbond electron-transfer route connecting Tyr323 via Gly362 is uncertain but may be involved in the latter stages of reaction. Tyrosine-activation and substrate-binding mechanism of RpNiR. The conformation of Tyr323 is changed by activation with NO by the removal of a water to make hydrogen bonds to a water (W3; hydrogen-bonded to Asp320) and the main-chain N atom of Gly105 (I to II). A substrate (NO 2 À ) binds to the centre with the removal of a water (II to III). NO binds to the centre of the tyrosineactivated state (II) (II to IV). The formation of the substrate-binding state (III) and the NO-binding state (IV) is reversible. The N atoms of His99, His134 and His289, which are coordinated to T2Cu, are labelled 99N, N134 and N289, respectively.
The functional significance of the fused cytochrome domain in these enzymes has attracted some debate (Antonyuk et al., 2015) . It has been suggested that the additional haem domain of PhNiR might not engage in direct electron transfer to the catalytic core but may have additional or different roles in controlling the specificity towards alternative putative cognate electron-donor proteins (Tsuda et al., 2013) . The data presented here suggest that it does have two roles: firstly the protection of the catalytic T2Cu by Tyr323 that forms part of the linker between the cytochrome and cupredoxin domains and secondly providing electrons to the T1Cu centre for electron-tranfer-gated substrate reduction. The highly conserved nature of tyrosine in 13 haem CuNiRs from various organisms gains further significance from our findings and adds to the widening catalogue of roles that tyrosine plays in biological catalysis (Warren, Ener et al., 2012; Glover et al., 2014; Suga, 2017) . The use of tyrosine activation for the opening of the substrate channel and priming of the substrate-binding pocket may have wider implications for its use for the control and regulation of substrate binding. The involvement of NO in activating tyrosine itself through proton abstraction is intriguing. The use of tyrosine in protecting the catalytic site and its use as a switch in these enzymes is a clear example of the use of tyrosine in controlling/regulating catalysis. Possible electron-transfer routes from cytochrome to copper centres. (a) Wt RpNiR and (b) RpNiR-NO. The two adjacent monomers that form the catalytic centre are coloured magenta and cyan. Cu and Fe atoms are shown as blue and orange spheres, respectively, and water molecules as red small spheres. In the wt RpNiR structures two electron-transfer routes appear to be feasible: a through-bond electron-transfer route that leads to Tyr323 via Gly362 and water-mediated electron transfer to T1Cu via His143. In the ligand-bound structures the water-mediated electrontransfer route to T1Cu remains.
